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ABSTRACT
Direct contacting of liquid and gas for the purpose of heat transfer is finding 
increased application throughout industry. Design procedures for baffle plate, 
disk-and-donut, and perforated plate equipment are quite well established.
Design data for such applications, however, notably heat transfer coefficients, 
are lacking. It was the purpose of this research to establish the relationships 
between these coefficients and the pertinent variables of the system and the 
equipment.
To eliminate the problem of scaling up results, a "section" of a fu ll-size  
tower was employed in the investigations. It consisted of a 6 " x 18" steel box,
1 0  feet to ll, fitted with a plexiglass cover to allow viewing of the contacting 
process, it  could be fitted with two plates, the lower being movable, to represent 
a section of a baffle plate tower, or with a perforated plate, to represent a section 
of a perforated plate tower.
Models of the contacting process hove been proposed and data analysis 
methods derived from them. One such model was employed in this research to 
formulate a new method of data analysis for the situation of direct contact heat 
transfer with negligible mass transfer.
A group of 75 runs was made with the apparatus set up as a baffle plate tower. 
Analysis of the results showed that a correlation existed between the heat transfer 
factor, i|_|, and an expression including the Reynolds number of the gas stream 
(based on the superficial liquid curtain area), the ratio of liquid Flow rate to gas 
flow rate, and the Ohnesorge group, os follows;
iy  = (h D /k )G  ( y f / k ) G - '3 3  = 0 .048  ( D ( ^ ) g ^  " l l / V ) ) | _ ' '
v iii
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It was thereby shown that the physical properties of the liquid stream are important, 
and should be included in direct contact heat transfer correlations. These 
properties and the ratio of liquid flow rate to gas flow rote strongly influence the 
degree of dispersion of the liquid phase, and consequently, the heat transfer 
coefficient.
A  group of 31 runs was made with the apparatus set up to represent a perforated 
plate tower. For the perforated plate results, a similar correlation was found to 
exist between j|  ̂ and the gas stream Reynolds number, based on the flow area 
through the perforations, as follows:
i„ = (hD/k)e = «P [ 2.8 (10'*) ( D ^ ) ( 0
This correlation was not improved by the introduction of additional terms 
describing the liquid physical properties or the ratio of liquid flow rote to gas 
flow rate. This is not interpreted to mean that these variables have no effect, 
but that their influences are hidden by the influences of the perforations, which 
accomplish dispersion of the liquid stream d irectly .
The W llson-Orrok method of graphical analysis o f heat transfer data was 
employed to determine the influence of the liquid-phose resistance to heat transfer; 
this influence was found to be negligible.
I X
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CHAPTER I 
IN TR O D U C TIO N
When heat flows between two phases which are In intimate contact,- the 
process is referred to as "direct contact heat transfer". Direct contact heat 
transfer is presently of secondary importance in many industrial mass-transfer 
operations. It has not, however, enjoyed widespread application in operations 
where the primary objective is heat transfer. There are two basic reasons for this:
(1) In many cases, direct contacting is not advisable because undesirable 
chemical reaction or mass transfer occurs.
(2) Where direct contacting could be advantageously employed, it often is 
not used because equipment design data are lacking.
All direct-contact heat transfer situations are of industrial importance. Gas- 
liquid contacting occurs in distillation and quench towers, spray driers, and 
humidifiers; gas-solid contacting is found in fixed and fluid!zed reactor beds; 
liquid-solid and liquid-liquid contacting are found in extraction processes and 
reactor vessels. In many of these examples, mass transfer or chemical reaction is 
of primary importance, but heat transfer occurs simultaneously in most of them. 
None of the preceding examples of direct-contact situations have been well 
investigated from a heat transfer viewpoint.
In view of the value of the results of such an investigation to industry, gas- 
liquid contacting was chosen for study. The advantages of direct contact heat 
transfer over indirect transfer in a tubular exchanger are noteworthy. The most 
striking advantage is seen when overall coefficients are compared; direct contact 
coefficients, based on superficial liquid curtain area, may range up to 1 0 0  times
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greater than those for Indirect transfer, based on tube heoHng area. Thus, if  
rapidity of heating or cooling is a design criterion, direct-contact heat exchange 
methods merit consideration. Often it is desirable to heat or cool a gas stream 
containing condensibles or solid particles which would tend to foul a conventional 
exchanger. Here direct contacting may well solve the problem, since the fouling 
components w ill have no heot-tronsfer surface to foul, and furthermore, w ill be 
washed out by the liquid , which may then be filtered.
It is anticipated that the use of gas-liquid contacting for the primary purpose 
o f heat transfer w ill become more widespread as equipment design methods and data 
become more availab le . There are two reasons for this trend:
(1) The cost o f a gas-liquid contactor plus a conventional tubular exchanger 
for the liquid compares favorably with the cost of a single conventional 
exchanger for the gas.
(2) Direct contact heat exchange affords the advantages previously stated.
Various gas-liquid contactors ore presently in use. The most common of these
ore plate towers, packed towers, and spray towers. Baffle plate towers rely on 
the dispersing effect of the gas stream to break up the liquid falling in curtains 
from plate to p late. The heot-transfer area is thus provided by the surfaces of the 
liquid drops, streamers, and globules formed. In perforoted-plote towers, liquid 
flows across a perforated p late, and is contacted and simultaneously agitated by 
the gas stream, flowing upward through the perforations. The heot-tronsfer area is 
thus the interfacial area existing in the mixture of gas and liquid on the p late. In 
packed towers, a thin liquid film covers the surfaces of the packing; this surface is 
available for heat transfer. Spray towers employ nozzles or similar devices to break 
up the liquid stream as it enters; hear is transferred through the surfaces of the drops
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as they fa ll. O f these four types of towers, the simplest and most versatile are the 
baffle-plate towers. When handling dirty streams, they are not subject to fouling, 
because the solids build up on plate surfaces and do not impede the flow of either 
stream, nor the rote of heat transfer. The efficiency of contacting in a perforoted- 
plate tower usually exceeds that in a baffle-plate tower, but the g os-stream pressure 
drop is correspondingly higher. The perforated plate is subject to fouling; a buildup 
of solids w ill plug the perforations. Packed columns ore unacceptable for handling 
dirty streams, because they also foul rapidly. Spray towers are unpopular because 
of their relatively low volumetric heot-tronsfer rates. These low rotes of heat 
transfer are typical of freely fa lling , wel I-dispersed drops.
It is to be expected, therefore, that plate-type towers w ill increase in 
popularity for gas-liquid heat transfer applications. For this reason, it was decided 
to investigate heat transfer in baffle-plate and perforoted-plote towers. Sketches 
of this equipment appear os Figures (1), (2 ), and (3 ).
Fundamental design and data-analysis methods hove been presented by 
G o u tre o u x fo r  baffle-plate towers. It is the purpose of this research to:
(1) Develop similar methods of data analysis for perforoted-plote equipment.
(2) To determine experimentally heat transfer coefficients for a particular gas- 
liquid contacting situation, namely one where moss transfer is negligible.
(3) To correlate these coefficients with such variables as liquid and gas 
physical properties, flow rates, and the physical dimensions of the 
contacting equipment.
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CHAPTER II 
PREVIOUS WORK
Various studies involving direct contact heat transfer in liquid-gas systems 
have been made. In most of these studies, heat transfer was of secondary 
importance; mass transfer was of primary interest. Nevertheless, the influence of 
heat transfer on moss transfer during simultaneous heat and mass transfer situations 
is usually such that it must be taken into account. It  is this fact which has given 
rise to the majority of the present direct-contact heat transfer data and design 
methods. As pointed out in Chapter 1, the economic odvontoge of direct contacting 
for the primary purpose of transferring heat is such that a definite trend toward 
direct contacting, where applicable, is evident. It  is particularly evidenced by 
the growing amount of direct contact heat transfer data, and by the efforts to 
perfect design methods for simple direct contact equipment. This is particularly 
true of sieve end other types of perforated plates (21, 40).
Probably the best-known relationship expressing the analogy between heat 
and mass transfer is that due to Chilton and Colburn (9 , 10):
= ÎH = = (V c G )  y < / k ) ^ / ^  (1)
Here jj_j and are heat and mass transfer factors, respectively, and are usually 
correlated with the Reynolds number. This correlation appears to be valid; it has 
been used in a great number of systems, and yields coefficients which ore usually 
considered accurate to within t  15%.
Stewart end Huntington (43) studied direct contact heat transfer in a 6 " 
perforated plate column, using the air-woter system. Operation was at pressures
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ranging from 25 to 75 psic. A  two-film  model was assumed, with the driving force 
being token os the difference between the interfociol temperature and the bulk 
temperature of the stream under consideration. The volumetric heat transfer 
coefficients thus calculated were well correlated with air flow rote; there was no 
noticeable effect of pressure.
Glaser and Thodos (15) investigated heat transfer from beds of hot metallic 
particles to gases flowing through them. A  correlation was found between and 
a modified Reynolds number taking into account a particle shape factor, the 
fractional void volume of the bed, and the surface area of each particle . This 
correlation is the following:
iy  = (h /c G ) (y V k )^ ^ ^  .=  0 .535 /(R e^ ^ '^  -  1.6) (2)
Re^ is a modified Reynolds number defined by the expression:
Re. = (3)
( '
Boumeister and Bennett (3) conducted a similar investigation; their results were 
correlated by the expression:
= (h /c G ) (c / f /k ) ^ /3  = 1 . 0 9 ( d p G ^ ) " ° ' ^  (4)
These investigations are of interest to the present study, because the mechanism of 
contacting is the same. Differences arise from the fact that the surface area of the 
solid particles is always well known, as is the fractional void volume, while similar 
information concerning the liquid phase in gas-liquid systems is unavailable.
Investigations of heat and mass transfer from water to a ir, helium, and Freon 
12, respectively, in a tower packed with Raschig rings were conducted by McAdams, 
Pohlenz, and St. John (30). Heat transfer coefficients for the oir-woter system.
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calculated by employing the Lewis relationship, were correlated with thp mass flow 
rates of both streams by the equations:
For the gas-phase coefficients, with t taken as the film temperature,
hQO = 1 .78 g0.0023t (5 )
For the liquid-phase coefficients,
hj_a = 0.82 (6)
Results indicated that the liquid-film  resistance comprised from 27 to 46% of the 
total resistance to heat transfei.
Pozin (37, 38) has presented data analysis methods for direct contact heat 
transfer situations which are similar to those of Goutreoux (14). These methods of 
data analysis to determine heat transfer coefficients do not employ the conventional 
two-film  model, nor do they view crossflow contacting as countercurrent. A 
complete presentation of on analysis of this type w ill be found in Chapter 111.
Mukhlenov and Tumarkina (32 , 33) have analyzed the mechanism of heat and 
mass transfer in a foam layer, and present data for the oir-woter system. In all 
studies, a perforated plate tower was employed. According to the authors, heat 
and mass transfer processes in foam layers are not influenced by the physical 
dimensions of the apparatus, such as free area, plate spacing, hole area, etc. 
Kuzminykh and Rodionov (25), in a similar study, found that the moss transfer 
coefficient varies inversely as the slope of the perforated p late. Heliums,
Braulick, Lyda, and Van Winkle (17), in their experiments with the n-octane- 
toluene system in a 6 " perforated plate tower, found that the only physical 
dimension having a marked effect on plate efficiency and pressure drop was the 
weir height.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Kafarov (23) reviews the existing theories of moss transfer mechanisms, and 
proposes a new theory, introducing "developed free turbuienc.^", and involving a 
"dynamic surface change factor". This factor is the ratio of the rate of mass 
transfer in a two-phase stream to that in a single phase stream of the same velocity . 
It is intended to account for the changes in the character of the liquid phase as its 
degree of agitation varies. Kafarov suggests that this factor might be correlated as 
a function of the liquid physical properties.
Bras (6 , 7) and Gautreaux (14) present design methods for direct-contact heat 
exchange equipment. Design methods for mass-transfer equipment are well known. 
Ai( %iethods assume, of course, a knowledge of the appropriate coefficients.
It is evident, therefore, that several problems remain outstanding and ripe for 
study; among these are the following:
(1) The influence of the liquid-phose film is not well known. Although it has 
been reported that the liquid-film  resistance amounts to as much c; 46%  
of the total resistance to heat transfer (30), it is commonly regarded as 
insignificant in gas-liquid systems.
(2) There is reason to believe that the liquid physical properties hove a 
noticeable effect on the liquid-phase resistance as well as on the inter­
facial area available for heat transfer. As suggested by Kafarov (23), a 
"surface change factor" might be introduced to account for the effect.
(3) A  model of the contacting process taking place in direct contact equipment 
has been presented by Gautreaux (14), and was used to develop data 
analysis methods for various heat transfer situations. These methods were 
found to have certain limitotions, and modifications are necessary.
(4) The influences of the physical dimensions of the contacting equipment are 
not well known. A  study to determine which variables are of primary 
importance, and their respective influences on the overall heat transfer 
coefficient, is needed.
It is the purpose of this research to attempt to solve, to some extent, these p r o b l e m s .
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CHAPTER III 
THEORETICAL CONSIDERATIONS
A model of the gas-liquid contacting process has been formulated by 
G a u t r e a u x ^ B y  making use of several assumptions, to be listed later, a method 
for analyzing experimental data to obtain heat transfer coefficients was derived.
Due to the associated simplicity of collecting and analyzing data, the case 
of heat transfer with negligible mass transfer was chosen for study. The derivations 
to be presented ore exact solutions for this cose. The derivation of Gautreaux 
w ill now be presented.
The following assumptions ore mode for purposes of analysis. They are based 
on visual observations of the contacting process, and apply to contacting in a 
baffle-plate tower:
(1) The principal gas-liquid contacting occurs while the liquid is enroute 
from plate to plate. No significant contacting occurs while the liquid 
is on a p late.
(2) Liquid flows from plate to plate with no bockmixing enroute.
(3) Heat transfer coefficients based on the superficial curtain area are the 
same at all points along the liquid curtain.
(4) The gas is completely mixed prior to passing through the curtain.
(5) The liquid phase is completely mixed in all directions except the 
direction of liquid flow .
(6 ) Liquid entrainment from plate to plate is negligible.
(7) Equilibrium exists at the gas-liquid interface.
(8 ) The rate o f heat transfer is directly proportional to the overall temperature 
difference.
n
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Although the model is idealized, oil assumptions ore considered good opproxi- 
motions to actual conditions. Assumptions (3) and (4) are questionable, but are 
the only assumptions permissible at the existing state o f knowledge of the contacting 
process.
A side view of a section of the liquid curtain is presented in Figure (4 ). It
should be noted that crossflow, not countercurrent flow exists. Consider the small
shaded volume o f curtain having width W , length d l, and height d Z . A  volumetric
overall coefficient of heat transfer, U q O, is now defined:
Uq o  = Heat transferred/Unit of contacting volume-Unit of temperature 
difference between gas and liqu id -U nit of time
Where;
U g  = Heat tronsferred/Unit of gas-liquid interfacial oreo-Unit of
temperature difference between gas and liquid-Unit of time
a = G as-liquid interfacial area/U nit of contacting volume
In accordance with Assumption (7 ), Uq O is related to the individual coefficients
by the following equation:
l/U ^ o  = 1/h^o + I A q Q
Where:
h|_a = Volumetric heat transfer coefficient for the liquid phase
h ^ a  = Volumetric heat transfer coefficient for the gas phase
If  an energy balance is written about the element of volume W  dl dZ:
-G  W dl c ^  dT = Uq O W  dl dZ (T -  t) (1)
G , the superficial gas phase mass velocity, is based on the area of the curtain 
presented to the gas stream, W l.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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In accordance with Assumption (5), t is constant from 0 to Z ,  and Equation (1) 
may be rearranged and integrated from 0 to Z  and from Tj to to yield:
(UG=Z)ov _ T: -  t
-  in- (2)
(UQaZ)ç|y is the overall coefficient of heat transfer based on the superficial curtain 
area.
A  "point efficiency for heat transfer based on the gas phase", E, is now defined:
2  _ Actual change in the temperature of the gas at the point
Maximum possible change in the temperature of the gas at the point
The maximum possible change in the temperature of the gas at the point has 
occurred when the gas leaves the point at the same temperature as the liquid at the 
point. Mathematically:
E = (T; -  T J  /  ( I ;  -  t) (3)
Equations (2) and (3) may be combined, with the result:
E = 1 -  exp [ ^ ( U G a Z ) q /G  c ^  (4)
The point efficiency is not directly applicable, because it requires the measurement
of temperatures in , above, and below vertical segments o f the liquid curtain. Such
measurements are impossible to make with any degree of accuracy.
A  "plate efficiency for heat transfer based on the gas phase", Ep, is therefore
defined as follows:
Actual change in the average temperature of the gas as it passes
_ through the liquid curtain_______________________________________
P change in the average temperature o f the gas which would have
occurred i f  the outlet gas and liquid were at the same temperature
Mathematical ly:
S  = (T, -  -  0  (5)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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An energy balance written for the entire curtain, using average values of liquid 
and gas heat capacities, yields:
L CL (fo " ^i) = V  CQ (T; -  Tqov) (6 )
An energy balance written at any point along the curtain yields, in accordance 
with Assumption (2):
G W  dl Sq  (T| -  To) = L £ l dt (7)
Combining Equations (3) and (7):
G W  dl E q  E (T| -  t) = L E l dt (8 )
Rearranging and integrating Equation (8 ) from 0 to I and from t; to tg:
(9)
L El T; -  tj
Equations (6 ) and (9) may now be combined, noting that G  W I = V , the gas flow 
rate, with the result:
I; -  T-_.. L CL r  , 1
’  b P  (V  5g  E /L cl) -  i jEp = t I .  , = w f -  I exp (  Cf, /  5l) -  11 (10)
This is the desired expression relating E  ̂ to E and the pertinent variables. All 
assumptions listed at the beginning of the derivation have been complied w ith .
To use the equations to determine heat transfer coefficients, measurements are 
required of L, V , Cj ,̂ c q ,  Tj, tj and tg . The heat balance Equation (6 ) may then 
be w ritten, and the quantity (T| -  Toav) calculated. Ep is found from Equation (5), 
and the point efficiency E, from Equation (10). From Equation (4 ), (UQaZ)^^  
is readily detemiined.
The method of calculation just outlined is an exact solution for the case under 
consideration, that of heat transfer with negligible mass transfer. It has certain
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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shortcomings, however. When the ratio (L C [ /V  c q )  exceeds a certain value, E
w ill consistently be greater than 1 .0 , and the method fa ils . This limitation was
encountered in all perforated-plate data analyses. Furthermore, it is possible to
base the coefficients directly on the superficial liquid curtain area, and eliminate
Z .  Coefficients calculated on this basis could then be correlated with certain
dimensionless groups relating to atomization, dispersion, flow rotes, and physical
properties of the streams.
W ith this object in mind, it was decided to formulate a method of data
analysis which would be valid for all values of the ratio (L c ^ /V  c q ) ,  and which
would yield values of overall heat transfer coefficients based directly on the
superficial liquid curtain area. This derivation w ill now be presented. The
assumptions mode prior to the presentation of the Gautreaux method of analysis
w ill be retained. Refer to Figure (4 ).
An overall heat transfer coefficient is defined os follows:
^  _  Heat transferred/Unit of superficial curtain area-Unit o f temperature
difference between gas and liqu id -U nit o f time
U is likewise related to the individual coefficients in the following manner:
1/u = iA l + iAg
Where:
Liquid-phose heat transfer coefficient, based on the superficial liquid 
curtain area
Gas-phose heat transfer coefficient, based on the superficial liquid 
^G ”  curtain area
Consider heat flow through the element of area W d l, as the curtain moves 
from dl = 0 to dl = d l, describing this element of area. During this movement, heat
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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is transferred at the rate Q  = U (T -  t) W  d l, and the temperature of the liquid 
curtain changes by an amount dt = Q /P  W  c^. Here P is the liquid flow rate per 
unit length of w eir, L /W . Thus:
dt = [ u ( T - t ) / P c ^  dl ( i i )
Rearranging,
The temperature of the gas stream, T, is assumed to vary linearly as the gas passes 
through the curtain, sc *hat an average g as-stream temperature may be calculated 
for the point under consideration, as (Tj + T^Qy) /  2 . An energy balance written 
for the entire curtain yields, then:
P W  (»o - t | )  = V  =G -  Toav) ( '3 )
Rearranging,
(Ti -  Toav) = P W H lA c g  (W )
Thus T in Equations ( i i )  and (12) has the value:
T = ( T ; + W / 2  = Oi-to) + Ti (15)
V C g
Substituting Equation (15) into Equation (12) and integrating from t; to tg and from 
I = 0 to I = I,
dt U
P c ,P W c L  ( t ; - V + Z V c Q  T; P=L
2  V c rz
dl (16)
J
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
After rearranging and integrating, the desired expression is obtained:
"p W  C|_(t; - t J + 2  V C Q  (T; -  t ; fP c,
U = -----   In (17)
_P w  c j t ;  -  g  I- 2 V  I g  (T; -  g
Ail assumptions have been complied w ith , and this expression is not subject to any 
limitations other than those imposed by the assumptions.
It should be noted that Equation (17) may be reduced to the form:
U = Q / [ a f (A T )l^ cc]  ^ 8 )
Here F is a theoretically derived "crossflow temperature-difference correction 
factor", which corrects the error introduced by calculating a temperature driving
force for countercurrent flow when crossflow actually exists. Values of the factor
. I . i.. . 24 , 29, 36are presented m the literature.
Equations (17) and (18) are applicable to experimental dota. For purposes of
derivation, I was treated as the length of the liquid curtain. For baffle-plate
runs, this length is visually estimated, and is taken as the radius or length of the
plate for perforated-plate runs. When perfora ted-pi a te data are analyzed, the
"liquid curtain" should be thought of as the liquid flowing across the plate, and
the "plate " (referring to a baffle-plate tower) regarded as the downcomer.
Values of U calculated by Equation (17) ore found to agree within 5% with
the (U ^ a Z /g y  values given by the Gautreaux method. Equation (17) w ill be used
to analyze the experimental data o f this research.
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CHAPTER IV  
EXPERIMENTAL APPARATUS A N D  PROCEDURES
The Apparatus
The apparatus used in the investigations is basically as indicated in Figures (5) 
and (6 ) .  As shown in Figure (5), it represents a section of a baffle-plate or disk- 
and-donut tower; modified as shown in Figure (6 ) ,  it represents a section of a 
perforated p la te . It  was decided to build the apparatus to represent a section rather 
than a geometrical model because of the d ifficu lty  in scaling up a model of this 
type equipment.
As shown by the pictures of the equipment. Figures (7), (8 ) ,  and (9), the 
front of the contactor is mode of 1/ 2 " plexiglass to allow viewing of the contacfing 
process. The body of the contactor is built o f 1 /8" steel plate, welded. Gas 
in let and outlet ducts are 6 " in diameter, and 1 - 1/ 2 " liquid piping is used 
throughout.
Liquid enters through a kinetic energy dissipator, which serves to eliminate 
gushing, and thus provides a closer approximation to conditions existing in a tower. 
The lower portion of the contactor body, below the plexiglass section, is used as 
holdup volume, and is of approximately 10 gallons capacity. Liquid is contained 
here after contacting, to await recirculation.
Operation as a Section of a Baffle-Plate or Disk-and-Donut Tower
Refer to Figure (5 ). Liquid enters the kinetic energy dissipator, and then 
flows onto the inlet tray, over the w eir, and contacts the gas stream in crossflow.
19
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FIGURE 7 FIGURE 8 FIGURE 9
VIEW  OF THE C O NTAC TO R WITH 
BAFFLE PLATES IN  PLACE
VIEW  OF THE C O NTAC TO R WITH 
PERFORATED PLATE IN  PLACE
VIEW  OF THE C O NTAC TO R WITH 
PERFORATED PLATE A N D  
PLEXIGLASS COVER IN  PLACE
23
It then falls into the movable lower tray, and >s routed to the holdup volume for 
recirculation.
The kinetic energy dissipator consists of a box constructed of 1 /8" steel plate, 
welded, measuring 12" x 6 " x 2 " , and mounted as shown. Liquid enters the top of 
the dissipator through a 1 - 1/ 2 " pipe, and flows over a submerged weir enroute to 
the inlet troy. It  then flows over the inlet w eir and contacts the gas stream.
The in let weir is of the multiple V-notch design, and is shown in Figure (lO o). 
It  is capable o f delivering a smooth liquid curtain at a ll flow rotes above 0 .4  
gal . /m in . - in .  of w e ir. The weir is 1" narrower than the contactor; the curtain is 
thus 1 " narrower at its origin, and excessive liquid flow down the walls is avoided. 
The upper (in let) tray extends 2" into the body of the apparatus.
The lower tray represents the plate just beneath the inlet tray, and is movable 
so that various tray spacings may be studied. In this study, spacings of 11 ", 17", 
and 25" were studied. The lower tray extends 12" into the contactor body, leaving 
a gap of 4" between its front lip and that of the upper tray. Flow from the lower 
tray is not over its front lip , but through a downcomer located near the wall of the 
contactor, as shown. W ith the liquid following this path, there is no danger of 
creating a second curtain.
Operation as a Section of a Perforated Plate Tower
Refer to Figure (6 ) .  Liquid enters the kinetic energy dissipotor, flows across 
the perforated p late, and then over a weir to the downcomer, to the holdup volume. 
All contacting takes place as the liquid flows across the plate.
The kinetic energy dissipator is constructed as previously described. Liquid 
enters the top of the dissipator and flows over a submerged weir enroute to the
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p la te . The kinetic energy dissipator is so constructed that the liquid flows onto 
the plate with very little  splashing, in a stream as wide as the plate at the point 
of entry into the contactor.
The perforated plate is shown in Figure (lO b). It is constructed of 1 /8" steel 
plate , and is drilled with 111-3 /16" holes on 3 /4 "  triangular pitch. After moving 
across the p late, the liquid flows over a 1 /2"  shorp-edge w eir, through the 4" 
downcomer, and to the holdup volume.
instrumentation end Auxiliaries
The contactor flowsheet is shown as Figure (11). A ir is supplied to the 
contractor by on ILG  Electric Ventilating Co. centrifugal blower. Driven 
through a Link-Belt PIV variable speed drive by a 3 h .p . explosionproof motor, 
it is capable of delivering 250 to 750 cubic feet per minute.
Liquid is circulated by a 3 /4  h .p . Allis-Cholmers close-coupled centrifugal 
pump, capable of supplying 50 g pm against 30 feet head.
Liquid may be routed tu beside through a four-pass Ross BCF N o . 603 heat 
exchanger with an area of 34 square feet, end constructed of copper. Its design 
pressure is 75 psig. Steam at 40 psig is available for heating, and city water 
for cooling.
A  radiator-type heater is mounted on the blower suction. It has a heating 
surface o f approximately 22 square feet, and may be heated with 40 psig steam. 
No provision is mode for routing coolant through this exchanger.
The gas flow rote may be measured by two methods. When operating as o 
section of a baffle-plate tower, a very low pressure drop exists across the
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contactor, and gas flow Is measured with an impact tube connected to on inclined 
draft gage filled  with benzene. W ith the perforated plate in place, however, the 
pressure drop is such that the impact tube no longer gives recognizable readings.
For these runs, therefore, the gas flow rote is measured with a Taylor -.vlndmill- 
type anemometer placed in the discharge end of the gas exit duct.
Liquid flow is measured by a Fischer & Porter metal-bodied rotameter calibrated 
in per cent of maximum flow . Its capacity is 42 gpm for a 100% indication.
Temperatures are measured at the following points:
(1) Gas discharge (near impact tube)
(2) Liquid in let (in kinetic energy dissipator)
(3) Liquid outlet, immediately after contacting
(4) Gas in le t, just before entrance to contactor
A ll temperatures are measured with bare copper-constantan thermocouples. Those 
measuring liquid temperatures are placed so that they are always well submerged 
in the liquid srieam, and the ones measuring the inlet gas temperature are well 
shielded from liquid spray. Three thermocouples ore placed in each stream, and 
these are connected in series so as to multiply the mil Iivoltage reading and 
maximize its accuracy. Furthermore, the three sets of coup'es located in the gas 
in le t, liquid in le t, and liquid outlet streams, respectively, are connected to allow  
the measurement of temperature differences between the streams directly , as well 
as the actual temperatures of the respective streams. This ab ility  to measure 
temperature differences directly is a valuable feature of the measuring system, 
since it eliminates the error arising from logs in switching from one set of couples 
to another. A ll thermocouples are calibrated; calibration equations appear in
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Appendix 11. The couples are connected to a Leeds and Northrup N o . 8240 series 
10-position thermocouple switch. Thermocouple emf is measured by a Minneapolis- 
Honeywell Brown Electronik Multipoint Precision Indicator, Model N o . 156 x 63 
VH 12, equipped with a decade resistance box which provides for zeroing and 
increases its range to 70.1 millivolts in 1 .10 m illivo lt ranges. The instrument is 
readable directly to 0.001 m illivolts. Time for full-scale deflection is 10 seconds. 
An ice bath provides the reference temperature.
Figures (12), (13), and (14) are pictures of the instrumentation and auxiliaries.
Experimental Procedure
After the apparatus had been thoroughly flushed with a small portion of the 
liquid to be studied, and about 1 0  gallons of this liquid hod been poured into the 
holdup volume o f the contactor, all instruments were zeroed and the circulating 
pump turned on. The liquid flow rote was adjusted to the desired value by means 
of the globe valve just downstream from the rotameter. The blower was turned on, 
and the gas flow rate adjusted by means of the variable-speed blower drive unit.
I f  either stream was to be heated or cooled, it was routed through the appropriate 
exchanger, and steam or cooling water supplied to the unit. When the inlet 
temperatures of both streams had reached the desired values, flow rates and 
temperatures were recorded. The temperatures were always measured in the 
following order:
(1) Gas outlet
(2) (Liquid outlet -  Liquid inlet)
(3) (Gas inlet -  Liquid inlet)
(4) Gas inlet
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FIGURE 12 
VIEW OF THE INSTRUMENTS 
A N D  CONTACTOR AUXILIARIES
«
FIGURE 13
VIEW OF THE IMPACT TUBE
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FIGURE 14
VIEW OF THE CONTACTOR  
AUXILIARIES
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Very seldom were steady-state conditions achieved, due to variations in the 
in let gas temperature. For this reason, temperature measurements were made very 
rapidly. The temperature measuring system was found to be ideally suited to this 
type of operation. The bore thermocouples came to equilibrium quickly, and were 
very sensitive to minute temperature changes. In addition, all voltages were 
m ultiplied, due to the series connection of couples, further increasing the overall 
accuracy of the measurements. Rapid switching from one couple to the next was 
facilitated by the thermocouple switch. Due to the rapid response of the indicator, 
it  was possible to record couple voltages almost instantly after switching.
Liquid flow rote was recorded as indicated per cent flow . Gas flow rate was 
recorded as inches of benzene indicated by the draft gage, or as velocity in feet 
per minute in the gas discharge duct, i f  measured by the anemometer.
Also noted was the type of contacting occurring; i . e . ,  it was noted what path 
vhe liquid curtain followed if  the contactor was being operated as a baffle-plate  
section, or, i f  the perforated-plate section was in use, the depth of the gas-agitated 
liquid above the plate was recorded. Lower limits of operation were established 
for the perforated plate, by finding the gas flow rate necessary to end weeping at 
various liquid flow rates.
After these data had been recorded, either liquid or gas flow rote was set to a 
new value, and the process was repeated.
Determination of Liquid Physical Properties
Literature values of heat capacity and thermal conductivity were used in the c a l­
culations. In the absence of reliable viscosity, surface tension, and density data, 
these were determined experimentally.
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ViscoslHes were measured wifh o Brookfield Model LVF revolving-spindle 
viscometer having on accuracy of 0 .5  centipoises. Readings were made directly 
in centipoises.
Surface tensions were determined with a Du Nuoy type tensiometer. This 
instrument was calibrated against distilled water and pure toluene.
Densities were determined by the pycnometer method.
Liquid physicol property data are presented graphically in Appendix I I .
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CHAPTER V
EXPERIMENTAL INVESTIG ATIO NS AND RESULTS
A discussion of the experimental studies w ill now be presented, together with 
their results and analyses. The chapter is divided into three main sections. One 
deals with equipment setup and a general description of the studies; the other two 
present the results o f the perforated plate and baffle plate studies, respectively.
A  variety o f liquids was employed in a series of preliminary studies. Their 
names and physical properties ore presented in Appendix I I .  A ll have very low 
vapor pressures in the range of operating temperatures, so that mass transfer effects 
may be neglected, and the situation of heat transfer with negligible mass transfer 
is achieved. Upon completion of these preliminary runs, it was decided that the 
major physical property variables influencing the contacting process were viscosity 
and surface tension of the liquid. With this in mind, two oils (SAE 40 and Regal B) 
were chosen for use in the remainder of the experimental studies. By operating with 
these oils over a temperature range of from 9 0 °F to 140°F, it was possible to achieve 
sufficiently wide variations in all physical properties to note any effects of these 
variations readily.
Upon analysis of the results of the preliminary investigations, it was also 
found that errors were present in the temperature measuring system. The system was 
therefore modified by replacing the single thermocouples with sets of three thermo­
couples. The couples in each set were connected to form a thermopile. This 
yielded a multiplied mil Ii voltage reading, increasing the accuracy of the system.
The couples were then calibrated as described in Appendix I I .  In addition, the
33
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5 e ^3 of couples were connected to allow direct measurement of the temperature 
differences existing between the liquid inlet and liquid outlet temperatures, and 
between the gas inlet and liquid inlet temperatures. This minimized errors due !o 
time delays in switching thermocouples, as would be required i f  only absolute 
values of stream temperatures were measured.
All flow measuring devices were calibrated as described in Appendix I I .
Baffle Plate Studies
A group of 75 runs was made with the apparatus set up to represent a section 
of a baffle plate or disk-and-donut tower. These 75 runs covered the entire range 
of practical liquid and gas flow rotes, as well as a wide range of temperatures of 
the liquid stream, and various plate spacings. In all runs, operation was as a liquid 
heater, or gas cooler. The region of very low liquid flow rotes was not investigated, 
since it was decided that this region was not industrially important. In addition, 
it was found very d ifficu lt to obtain consistent temperature data in this region, due 
to the randomness of dispersion of the liquid phase.
Two principal types of liquid flow patterns were encountered; they ore shown 
in Figure 15 as "W all-H itting" and "Level-Stream" flow . W all-h itting  flow 
occurred at low gas flow rates combined with high liquid rates, while I eve I-stream 
flow occurred at high gas flow rates, with all liquid flow rates. These flow 
patterns are regarded as characteristic of the contactor used in these experiments, 
and are important only from the standpoint of data analysis. In a sufficiently wide 
contacior, level-stream flow might never be observed.
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It  should be pointed out that all assumptions listed in Chapter IV  for the 
purpose of deriving a method of data analysis were verified by visual observation 
of the contacting process.
Perforated Plate Studies
A  group of 31 runs was made with the apparatus set up to represent o section 
of a perforated plate tower. The 31 runs encompassed the entire range of 
practical liquid and gas flow rotes, as well as a wide range of temperatures of the 
liquid stream.
No changes in the flow pattern of the liquid stream as it moved across the 
plate were noted with variations of flow rotes or physical properties. At high liquid 
flow rates, the depth of liquid on the plate increased, and high gas flow rotes 
induced increased agitation of the liquid phase on the p late. It was noted that a 
relatively high pressure drop existed across the plate as compared to the liquid 
curtain in the baffle plate runs. Maximum gas flow rates attainable through the 
perforated plate were approximately 1 /3  as great as those attainable during baffle 
plate operation. It was also observed that the degree of agitation of the liquid 
phase attainable with the perforated plate led to increased efficiency of 
contacting. The temperature change of the liquid stream as it moved across the 
plate was found to be from 4 to 10 times as great as the corresponding change 
during baffle plate operation.
The experimental data for oil runs ore tabulated in Appendix IV .
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Results of the Studies: Baffle Plate Runs
The calculated results of the investigations ore presented in Table 1, and 
sample calculations are presented in Appendix 111. Figure 16 presents the experi­
mental results graphically.
In Chapter 111, the individual heat transfer coefficients were defined to be 
related to the overall coefficient in the following manner:
1/U  = I A q  + l/h|_
g
If  a plot of l /U  versus l / G *  is constructed and the resulting line extrapolated to 
zero (where G is in fin ite ), its intercept on the 1/U  axis should equal the liquid- 
phase heat transfer coefficient. This is the well-known W îlson-Orrok method of 
heat transfer data analysis.
Analysis of the results by plotting l /U  versus l / G ’® showed the influence of 
the liquid-phase resistance to heat transfer to be negligible; U was therefore 
considered equal to h ^ .  Customarily, heat transfer data are correlated as factors 
with the Reynolds numbers of the gas stream. The results of this research were 
poorly correlated by this method.
During the experimental portion of the study, it was noted that the nature of 
the contacting was a function of the liquid and gas stream flow rotes, as pointed 
out previously. From this it followed that the nature of the contacting should be 
related to the ratio of the liquid flow rote, L, to the gas flow rote, V , i . e . ,  to 
the ( l /V )  ratio. In addition, it was reasoned that the liquid physical properties 
must have an influence on the overall heat transfer coefficient, since the degree 
of dispersion of the liquid phase, and consequently the surface area available for 
heat transfer, must in some measure be related to the liquid viscosity and surface
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tension. Accordingly, it was decided to employ the Ohnesorge group,
CT) ,  or the Weber group, (V ^ / to attempt to compensate
for these effects. The Ohnesorge group is customarily used to correlate data 
relating to the atomization of liquid streams on injection into high-velocity gas 
streams. The Weber group is related to the ratio of inertial to surface tension 
forces, and is sometimes used to describe gas-agitated liquid behavior.
Statistical analyses of the results showed that j|_|, the heat transfer factor, 
was best correlated with the expression:
Notice that the expression contains only one term relating to G , the gas phase 
mass veloc ity . The other terms are regarded as correction factors to the basic 
correlation of j|_j and the Reynolds number.
Figure 16 is a plot o f the heat transfer factor versus the "corrected gos-phose 
Reynolds number", and the statistical line of best fit is indicated. The scatter of 
the results from studies of this type is due to the randomness of the dispersion of the 
liquid phase and the resulting variation in the surface area available for heat 
transfer. This variation increases as the liquid-phase flow rate decreases. In 
addition, ihe curtain length, and consequently, G , were not well  known during 
I eve I-stream flow conditions. This was due to the buildup of a dense, almost 
undispersed mass of liquid against the contactor wal l ,  os shown in Figure 15.
Errors in measurement of temperatures and flow rotes of the streams are considered 
neglig ible.
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Results of the Studies: Perforated Plate Runs
The calculated results of the investigations are presented In Table I I ,  and are 
plotted in Figure 17.
Analysis o f the results of the study was begun by constructing a plot of l /U
O
versus l / G *  . This showed the liquid-phase resistance to heat transfer to be 
negligible. The overall heat transfer coefficient was therefore considered equal 
to the gos-phase heat transfer coefficient. The heat transfer coefficients were then 
incorporated into (|_| factors, and these were plotted against the Reynolds number 
of the gas stream, with the result shown as Figure 17. Attempts to improve this 
correlation by use o f "correction factors" resulted in no improvement of the correlation.
The perforated plate data were found to be more consistent than the baffle 
plate data. This is believed due to the fact that in baffle plate operation, the 
degree of agitation of the liquid stream is determined in large measure by the 
physical properties of the liquid, while in perforated plate operation, it is the 
plate which controls the degree of agitation d irectly . The liquid physical 
properties do, no doubt, have some influence on the heat transfer coefficient, but 
their influences ore hidden by the much greater influence of the plate characteristics.
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FIGURE 17
iu VERSUS (Re)/' FOR PERFORATED PLATE RUNS
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CHAPTER VI 
C O N C LU SIO N S A N D  RECOMMENDATIONS  
FOR FUTURE WORK
Conclusions
The results of the baffle plate experiments indicated that a correlation exists 
between the heat transfer factor, and an expression involving the Reynolds 
number of the gas stream, the ratio (L /V ), and the Ohnesorge group. The 
correlation is expressed by the following equation:
ÎH = (h D A )ç  = 0 . 0 ^  ( D ( ^ ) G ^
Reynolds numbers of the gas stream ranged from 10^ to 10^ for the investigations.
Sim ilarly, the results of the perforated plate runs yielded a correlation between 
i|_l and the gas-stream Reynolds number. This correlation is the following: 
iH = (h D /k )(- = exp [ 2 . 8 ( 1 0 -^ ) ( D G ^ ) q _
Reynolds numbers of the gas stream ranged from 10^ to 10^, based on the total flow 
area of the perforations.
Examination of the correlation developed from the results of the baffle plate 
investigations shov/s that the liquid physical properties and the ratio of the liquid 
flow rate to the gas flow rate are significant in determining the nature of the 
contacting and the value of the heat transfer coefficient. This is to be expected, 
since the degree of dispersion of the liquid stream is related to both the liquid 
physical properties and the (U'^V) ratio.
The liquid physical properties and the (L /V ) ratio appear not to be as 
significant in correlating the results of the perforated plate experiments as for the
47
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baffle plate experiments. This indicated that dispersion of the liquid is induced as 
a direct result of the perforations in the plate, with the liquid physical properties 
and the (L,/V) ratio being of secondary importance. The surface tension and 
viscosity of the liquid are probably influential to some extent in determining the 
degree of dispersion of the liquid stream as it flows across the plate, but such 
influences were not discovered in this research.
The correlation of iy  with R e ^ f o r  the baffle plate results is noteworthy.
This indicates that the mass flow rate of the gas stream is very influential in 
determining the degree of dispersion of the liquid phase, and also the thickness 
of the laminar film surrounding each liquid drop. The correlation of with 
exp(Re) for the perforated plate results exhibits the pronounced influence of the 
gas-stream flow rate on the heat transfer coefficient. This effect is believed due 
to the fact that the degree of dispersion of the liquid on the plate is a function of 
the kinetic energy of the gas flowing through the perforations, and this is in turn 
a function of the square of its velocity.
The liquid phase resistance to heat transfer was found to be negligible, 
according to the VVilson-Orrok graphical method of analysis. Plots of 1/U versus
g
1 /G ’ for baffle and perforated plate results are shown as Figures 18 and 19.
The new method of data analysis formulated for the case where direct contact 
heat transfer occurs with negligible mass transfer was found satisfactory, and was 
employed in this research.
Future Work
The correlations [ust presented for the baffle plate studies are regarded as the 
best obtainable with the present equipment setup. Possibly o refinement of the
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correlation could be accomplished by making a large number of runs, then 
analyzing them statistically. However, as pointed out in the previous chapter, 
probably the greatest experimental error occurs during I eve I-stream flow, when 
liquid accumulates against the wall of the apparatus. I f  this could be eliminated, 
the region of higher gas and liquid flow rotes could be investigated without 
d ifficu lty . Two solutions present themselves:
(1) The apparatus might be widened about two feet.
(2) A new apparatus, preferably a disk-ond-donut tower, might be built, as 
a model.
A  series of studies with perforated plates, using various hole diameters and weir 
heights, should lead to a correlation, similar to the one developed, between the 
heat transfer factor and terms involving these physical dimensions.
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FIGURE 18
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FIGURE 19
1/U  VERSUS 1 / G ' O  FOR PERFORATED PLATE RUNS
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APPENDDX




a Interfacial area/unit of contacting volume, ft^
A  Surface area, ft^
c Specific heat, B TU /lb -°F
d Diameter, inches
D Diffusivity of vaporized liquid through inert gas, ft^ /hr
D Liquid curtain length, ft, except in Equation (1), Chapter II
e Bose for Noperion logarithms
E Point efficiency for heat transfer
Ep Plate efficiency for heat transfer
F Correction factor, dimensionless
g^ Conversion factor, 32.17 lbs mass-ft/sec^-lb force
G Mass velocity of the gas stream based on the superficial liquid curtain
area, Ibs/hr-ft^
Molar gas phase mass velocity , based on the superficial liquid curtain 
2
area, Ib-m oles/hr-ft 
h Individual heat transfer coefficient, B TU /hr-ft^ -°F
k Thermal conductivity, B TU /hr-ft^ -(^F /ft)
K G as-phase moss transfer coefficient, based on a chosen driving force
I Length of the liquid curtain, ft
L Liquid flow rate, lbs/hr
mv M illivo lts
p Pressure, Ib s /f^
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p Liquid flow rate, lbs/ft of weir length
Q Rate of flow of heat, BTU/hr
R Draft gage reading, inches of benzene
t Liquid phase temperature, °F
T Gas phase temperature, °F
TIL Liquid inlet temperature, mv
TIV Gas inlet temperature, mv
TOL Liquid outlet temperature, mv
TOY Gas outlet temperature, mv
U Overall heat transfer coefficient. BTU/h
V V elocity , ft/sec
V Gas flow rate, lbs/hr
W Width of the liquid curtain, ft
Y Weight of rotameter float, grams
Z Depth of the liquid curtain, ft
Greek Symbols 
^  Difference
^  Fractional void volume, dimensionless
Viscosity, Ib /ft-h r
^  Density, Ib /ft^ , or gms/cm^ in rotameter flow equation
^  Interfacial or surface tension, lb /ft
Particle shape factor, dimensionless









LMCC Logarithmic mean countercurrent
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APPENDIX 11 
CALIBRATION A N D  PHYSICAL PROPERTY DATA
Calibration:
Impact Tube
Since it  is very d ifficu lt and inconvenient to accurately calibrate a device of
this type, a calibration curve was calculated. Impact tubes are known to yield
measurements consistent with theoretical calculations. An impact tube measures
the difference between the static pressure of o fluid stream and its impact pressure.
From this measurement, a point velocity may be calculated from the equation:
V = '\J l  ( A p ) (1)
The ratio of overage to maximum velocity may be found experimentally by making
a suitable traverse of the duct. An 8-point traverse was made with the impact
tube, and the ratio (v / v  ) was found to be 0 .8 3  over the range of flow rates '  ' av  max ^
investigated. The tube was then placed in the centerline of the duct, where the
maximum velocity existed. A manometer filled  with benzene and inclined at 15®
was employed os the measuring instrument. After correcting for the variation of
Q  with T and taking into account the multiplication of readings due to the
inclination of the gage, the following equation was developed:
1 /2
V _ ..=  29 ,350  I -j y / T -r- I (2)av
Here Tq is the gas-stream temperature at the impact tube.
Anemometer
Very low gas flow rotes were measured with a windmill anemometer. This 
instrument measures average velocities d irectly , and needs no calibration.
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M ultiplication of the average velocity and the cross-sectional area of the duct 
yields the volumetric flow rote, which may be readily converted to a mass flow rote. 
Rotameter
The rotameter did not hove a "stoble-vis" float; its readings therefore hod to 
be corrected for variations in liquid density and viscosity. The basic equation 
relating flow through a rotameter to the physical dimensions of the meter, the 
physical properties of the flu id , and the rotameter reading, is the following:
L -  C d r A  (3)
^  ~ 7 f
Here C is a flow coefficient; it is a function of the ratio (tube diometer/floot 
diameter), and of N , a "viscous influence number". The ratio (d j/d f) is a function 
of the rotameter reading. An equation relating C to the variables N  and (d j/d f) is 
the following:
C = 4 .456  4 2 .2 3 0  (N ) -  31.555 (d /d f )  + 0 .0267  (N )^ + 27.074 (d /d f)^
-2 .3 7 1  (N ) (d /d f )
This equation was derived statistically from experimental data furnished by the 
rotameter m a n u f a c t u r e r .  ^3 y/hen C is evaluated, L is readily found from Equation
(3 ).
Thermocouples
The copper-constanton thermocouples were calibrated with water at a known
room temperature, and with benzene boiling at one atmosphere. The standard
polynomial equation relating millivolts to temperature (°F) was then fitted to the
calibration points, yielding the following results:
Standard equation;
T (°F) = a + 46.9464(m v) -  0.8948(mv)^ -  0.7904(mv)^ + 0.4916(mv)^  
-0 .11 9 9 (m v)^  + 0.0106(mv)^ (4)
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For couples measuring TIL, a = 32.3355  
For couples measuring T IV , a = 32.3224  
For couples measuring TOL, a = 32.3091 
For couples measuring T G V , a = 31.8133
Physical Properties:
The following hydrocarbon oils were used in the study:
1. SAE 30
2 . SAE 40
3 . SAE 50
4 . Regal B
5 . O il 0
6 . Solvent 100
Henceforth, each w ill be designated by its number in the above tabulation.
Density Data
Figure 1A shows the density-temperoture relationships for all oils used in the 
study. The densities were determined by the pycnometer method.
Viscosity Data
Figure 2A shows the viscosity-temperature relationships for all oils used in the 
study. A ll viscosities were determined with a Brookfield viscometer reading directly  
in centipoises.
Surface Tension
A Du Nucy tensiometer calibrated against water and toluene was used to 
determine surface tensions. These are plotted as functions of temperature in Figure 3A.
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Heat Capacity and Thermal Conductivity
Heat capacity and thermal conductivity data for the oils were obtained from 
References (23) and (36 ). Heat capacity-temperature relationships are plotted in 
Figure 4A; thermal conductivity-temperature relationships ore plotted in Figure 5A .
For purposes of calculation, it was necessary to write equations for all physical 
properties os functions of temperature. These equations ore listed below:
Density, (lbs/ft^):
= 5 6 .93  -  0 .0225 T
P i = 5 6 .5 7  -  0 .0227 T
4 = 56 .22  -  0.0222 T
4 = 5 5 .4 6  -  0 .0200 T
4 = 54 .95  -  0.0232 T
4 = 54 .88  -  0 .0208 T
4 . = 3 9 . 7 6 / ( 4 6 0 + T)
Viscosity, (Ibs/ft-sec):
= 3 .7 8 4  -  0.094T + 9 .00 (10  " T^ -  3 .87(10 " ^) T^
+ 6 .24 (10  ■ ’ ) T^
= 1.905 -  0.046T + 4 .27 (10  " T^ -  1.80(10 “ T^
+ 2 .8 6 ( 1 0 - 9 )
= 1.228 -  0 .0 2 9 T + 2 .70 (10  " ^) T^ -  1.15(10 -  ^  T^
+ 1 .8 5 (1 0 -9 )  T^
= 0 .393  -  9 .50(10  " ^  T + 9 .18 (10  " ^) T  ̂ -  4 .04(10  " ^) T^
+ 6 .745(10 -  10) T^
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= = 0 .139  -  2 .88 (10  ■ 3) T + 2 .4 6 (1 0 ‘ ^ T ^  
-  9 .86(10  -  8) t 3 + 1.53(10 ‘  T^
0 .9 4  + 0 .0 2 1  10
Surface Tension, (lbs/ft):
= (2.51 -  0.0031 T) 10 ■ 2
<^2 = (2 .5 4  -  0 .0030 T) 1 0 " ^
c T 1 = (2 .59  -  0 .0029 T) 10 ■ 2
< r ,
= (2 .33  -  0 .0025 T) 10 ■ 3
<T5 = (2 .43  -  0 .0029 T) 10 ■ 3
CT6 = (2 .46  -  0 .0033 T) 10 ■ 2
Heat Capacity, (BTU/lb -  °F):
= 0.000617 T + 0 .396
C2 = 0.000617 T + 0 .398
^3 = 0.000617 T + 0 .400
^4 = 0.000634 T + 0.402
^5 = c^ = 0.000641 T + 0.411
^air -  0 .238  (constant)
Thermal Conductivity, (BTU/hr -  ft -  °F):
= k2 = 1<3 = 0 .0776  -  2 .15  (10 " ^) T
•̂ 4 = 0 .0787 -  2 .3 5  (10 ■ ^) T
*̂ 5 = = 0 .0810 -  2 .5 0  (10 “ ^) T
koir = 0.01323 + 0.0000239 T





Draft gage: 0 .4 "  benzene
Rotameter: 21% flow
TIV: 5 .7082 millivolts (3 couples)
(T IV -T IL): 1.4800 millivolts (3 couples) 
(TOL-TIL): 0.01840 millivolts (3 couples)
TOV: 1.6250 millivolts (1 couple)
Liquid: O il *2  (SAE 40)
Plate spacing: 17"
Liquid curtain length: 1.95 feet 
Calculations:
1. Temperatures
A . Gas Outlet:
To = 3 2 .5 5 +  45 .819  (T O V ) - 0 .9 1 7  (TOV)^  
TO V = 1.6250 mv
To = 104.59°F
B. Liquid Inlet:
tj = 32.3355 + 46.9464 (TIL) -  0 .8948 (TIL)^ -  0 .7904  (TIL)^ + 0 .4916  
(TIL)"^ -  Q J 199 (TIL)^ + 0 .0 1 0 6 (FIL)^
TIL = (5.7082 -  1.4800) /  3 = 1.4094 mv 
t| = 95.87^F
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C . Liquid Outlet:
to = 32.3091 + 46.9464 (TOL) -  0 .8948 (TOL)^ -  0 .7904  (TOL)^
+ 0 .4916 (TOL)"^ -  0 .1199 (TOL)^ + 0 .0106 (TOL)^
TOL = (5.7082 -  1.4800 + 0 .0 1 8 4 ) /3  = 1.4155 mv 
to = 98 .49°F
D . Gas Inlet:
I .  = 31 .3224 + 46.9464 (TIV) -  0 ,8948  (TIV)^ -  0 .7904  (TIV)^
+ 0 .4916 (TIV)'^ -  0 .1199 (TIV)^ + 0 .0106  (TIV)^
TIV  = 5.7082 /  3 = 1.9027 mv 
Tj = 116.92°F
Average Liquid Temperature, t^y:
*av = O i - ' o ) / 2  = 5’7 .1 8 °F
2 . P^iysicfl Properties:
A . Liquid Viscosity:
= 1.905 -  0 .0457 (t) + 4 .273  (10 (t)^ -  1.802 (10 ~ ^  (t)^
+ 2 .866  (10 -  9) (f)4  
o t t  = t; = 9 5 .87°F , L = 0 .112  Ib /ft-sec  
at t = t^y = 97 .1S °F , L = 0 .0957 Ib /ft-sec
B. Liquid Density:
=  56 .57  -  0 .0227 (t) 
at t = t; = 95.87^F, 2  = 54 .30  lbs/ft"  
at t = tq^ = 9 7 .1 8 °F , 2  = 54 .27  lbs/ft^
C . Liquid Heat Capacity:
I 2 = 0.000617 ( t g j  + 0 .398
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a ttg v  = 97 .1 8 °F , c2 = 0 .4 5 8  B TU /hr-°F-lb
D . Liquid Surface Tension:
(T j  = 2 .538  -  0 .00296 (t^y) (1 0 "  ^
o t(t^ v ) = 9 7 .1 8 °F , 2 = 0 .00225 lb /ft
E. Gas Viscosity:
= 0.0000687 (T j+  4 6 0 )+  0.0075  
or T; = n6.92°F, q  = 0 .0 4 7  Ib /ft-h r
F. Gas Thermal Conductivity:
Ic q  = 0 .01323 + 0.0000239 (Tj)
at Tj = 116.92°F , k g  = 0 .0 1 6  BTU/hr-ft-=F
G . Gas Heat Capacity:
Taken os constant at 0 .238  B TU /lb -°F
3 . Flow Rotes
A . Gas Flow Rate, V:
^  m r r :
T = 104.59^’F o
.5
Substituting,
V  = 781 lbs/hr
B. Liquid Flow Rote, L:
(d /d p  = 1.093 ct 21% flow
Viscous influence Number, N  = 1 1 ,8 8 ^ /^  (500 -  y ^ )
= 0 .112 ib/fr-sec  
= 54 .30  lbs/ft^
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Substituting,
N  = 8 .4 0
The flow coefficient, C , is evaluated from the equation:
C = 4 .456  + 2 .2 3 0  (N ) -  31.555 (d /d ^ ) + 0 .0267 (N X  
+ 27 .074  (d /d f)^  -  2 .371 (N ) (d /d f )
N  = 8 .40  
(d /d f )  = 1.093
Substituting,
C = 1.10
L is calculated by the simplified equation:
L = (11 .31) (500 -  / ^ )
C = 1.10
ŷ 2  = 54 .30  lbs/ft^
Substituting,
L = 1934 lbs/hr
C . Gas Phase Mass Velocity , G:
G = V /liq u id  curtain area 
V = 781 lbs/hr
Liquid curtain area = 0 .5  (1 .95 ) = 0 .975  ft^
Substituting,
G = 801 Ibs/hr-ft^
4 . Overall Heat Transfer Coefficient:
U
L C|_ (t| -  to) + .48 V  (T; -  t;)
L Cl (t. -  to )-f .48V  (T; -  t^ ^
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P = L /w e i r  length = 1934 /  0 .5  = 3868 lbs/hr-ft
Cl = C2 = 0 .458  BTU/lb-°F
I = Liquid curtain length, 1.95 ft
t; = 95 .87°F
to = 9 8 .4 9 °  F
T; = 116.92°F
V = 781 lbs/hr
Substituting,
U = 176 B TU /hr-ft^ -°F
5 . Heat Transfer Factor,
iH M s  ^
U is substantially equal to h, since most of the resistance to heat transfer is 
in the gas phase.
D = 1.95 ft 
k = 0 .016  B T U /h r-ft-°F  
C = 0 .238  B TU /lb -°F  
= 0.0471 Ib /ft-h r  
Substituting,
= 2 .4 0 4  (10
n
6 . The term (Re) ( l /V )  (ohn)
O
A . (R e)^ ' —
D = 1.95 ft
DG 1 .4
G = 801 lbs,/hr-ft"
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y ^ =  0.0471 Ibs/ft-hr  
SubsMtuting,
(Re)^ = 33,115
= 2 .1 3  (10 6)
B. ( l / V ) ' ^
L = 1934 lbs/hr 
V = 781 lbs/hr 
Substituting,
( l / V ) ' ^  = 1.350  
( l /V )  = 2 . 4 8
C . (ohn)*^ = ^ /V ' /^ g c D ( T ) |_ * ^
= 0.0971 !b /ft-sec  
/^ 2  = 5 4 .2 7  lbs/ft^  
gc = 32 .17  ft/sec^
D = 1.95 ft 
(J l=  0 .00225 lb /ft  
Substituting,
(ohn) = 0 .0345  
(ohn)*^ = 0 .186
1 .4  , _ 3 3  . . .5 5.
(Re)p (L /V ) ’ (ohn) = 5 .3 5 ( 1 0  )
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